Ozone is a species of primary interest as it performs a key role in the middle atmosphere and its monitoring is thus necessary.
GROMOS-C was installed on the terrace of the Maïdo observatory in June 2014, and remained until the end of January 2015.
High temporal resolution ozone spectra were continuously recorded during those 7 months. The main goal of this measurement campaign was to validate the performance of GROMOS-C as an ozone and wind profiler by comparing to profiles from other reliable sources. Further, the high resolution ozone spectra constitute a valuable data set not previously available for this location. These data can be used to study the diurnal cycle of ozone in the tropics (Studer et al., 2014 ). An accurate knowledge 5 of diurnal ozone variation is needed for reliable trend detection in the global ozone distribution. Merging ozone data from different satellites without properly accounting for the diurnal ozone cycle would result in a systematic bias in the calculated ozone trend.
Our campaign instruments WIRA and MIAWARA-C were also involved in the campaign with measurements starting in September 2013. 10 During the campaign, from June to January, the weather was quite stable with minimum temperatures of 6 • C and maximum close to 20 • C. Atmospheric opacity was calculated periodically with the tipping curves, and were found to be between 0.1 and 1 except for very humid days (Fig. 2) , which occur mainly towards the summer (December-January). The specific humidity increased considerably during the summer (Fig. 2 middle plot ). An opacity value lower than 0.5 is considered to be very good.
Spikes in the opacity plot correpond to clouds passing by. 15 The operation cycle of GROMOS-C includes 4 directions of sky view, North-East-South-West. All sky measurements are performed at an elevation angle of 22 • . Afterwards the rotating mirror points to the Peltier and hot loads for calibration. The noise diode is turned on when the optics are pointing to the Peltier target. The integration time for each measurement is 1s. Tipping curves are performed every 15 minutes.
Reference intruments 20

Aura-MLS
The Earth Observing System Microwave Limb Sounder, EOS MLS, is a mm-wave radiometer onboard Aura satellite, which was launched in July 2004. Aura-MLS covers latitudes between 82 • S and 82 • N. It is in a Sun-synchronous near-polar orbit at an altitude of 705 km, with two overpasses at each geographic location at fixed local times per day. MLS observes emitted microwave radiation in limb geometry from the ground up to 96 km. Atmsopheric limb scans and radiometric calibration 25 are performed routinely every 25 seconds. Vertical profiles are retrieved every 165 km along the suborbital track. A detailed description of Aura-MLS can be found in Waters et al. (2006) .
Ozone is observed at 240 GHz. The retrieved profiles of version v3.3 are used for this comparison. The altitude range covered goes from the upper troposphere, 260 hPa, to the mesosphere, 0.02 hPa. The vertical resolution is 3 km at 260 hPa, increasing to 5.5 km at 0.02 hPa, and the horizontal resolution goes from 300 km to 500 km, depending on the pressure level (Froidevaux 
DIAL Lidar
A Differential Absorption ozone Lidar (DIAL) was installed in the Maïdo observatory in 2013. It requires the use of 2 different emitted wavelengths. The laser sources are a tripled Nd:Yag laser, which provides the non-absorbed beam at 355 nm, and a XeCl excimer laser, which provides the absorbed beam at 308 nm. The receiving telescope is composed of 4 parabolic mirrors.
The backscattered signal is collected by 4 optical fibers located at the focal point of each mirror. A Jobin Yvon holographic 5 grating is used in the spectrometer.
The lidar provides ozone profiles over 15-45 km altitude. The lidar signals are recorded every 3 min but averaged over the whole night to increase the signal-to-noise ratio. It is necessary to apply a number of corrections to the signal. The background signal is estimated and removed using a linear regression in the high altitude range where the useful lidar signal is negligible (over 80 km). Ozone number density is retrieved from the slope of the signals after derivation (Godin-Beekmann et al., 2003) .
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Lidar signals are corrected for the Rayleigh extinction using a pressure temperature profile from nearby radiosondes and a meteorological model.
Ozone Radiosondes
Ozone soundings are performed weekly since 1998, launched from Gillot, the Météo-France station near the airport of La 15 Réunion Island, at 8 m.a.s.l. A profile is obtained up to the altitude where the balloon bursts at approximately 30 km. Ozone is measured with an electrochemical concentration cell (ECC) (Stübi et al., 2008) . The ozonesonde currently used is a ECC Z Ensci type with a 0.5% KI buffered solution from Droplet Measurement Technology. It is coupled to a meteorological radiosonde M10 from MeteoModem.
The effective vertical resolution of the ozone data is between 50 and 100 m. The ozone measurement accuracy is approximately 20 4% in the stratosphere below 10 hPa pressure level and the precision in total ozone column measured by the sonde is approximately 5%. These ozone measurements are part of the SHADOZ (Southern Hemisphere Additional Ozonesondes) (Thompson et al., 2003) and the NDACC networks.
WIRA
WIRA is the first ground-based microwave wind radiometer. It was built at IAP and measures the Doppler shift in the emission 25 spectrum of middle atmospheric ozone at 142 GHz in order to derive middle atmospheric meridional and zonal wind profiles.
In routine operation, a cycle contains the measurement of signals from two calibration targets as well as from four cardinal directions for the wind retrieval. The retrieval of wind profiles combines the calibrated spectra obtained at two opposite viewing directions (i.e. east and west for zonal and north and south for meridional wind). The prototype of the instrument as well as its operation mode and calibration scheme are described in detail in Rüfenacht et al. (2012) . The retrieval method is presented in 30 Rüfenacht et al. (2014) . It covers an altitude range from 35 to 75 km, with a vertical resolution between 10 and 16 km.
ECMWF
The European Centre for Medium-Range Weather Forecasts (ECMWF) provides global analyses of atmospheric ozone from the ground to the lower mesosphere. Ozone profiles can be obtained from 2 different products from ECMWF: operational analysis or reanalysis. ERA-Interim (Dee et al., 2011) is their latest global atmospheric reanalysis dataset and provides profiles every 6 hours, for 60 pressure levels between the surface and 0.1 hPa. The altitude range of the operational analysis reaches pressure levels up to 0.01 hPa with a vertical resolution of 137 levels. For the validation of GROMOS-C we compare with the operational data, because our retrieval altitude range goes up to 0.03 hPa.
Results of ozone measurements
Ozone retrievals 10
Before the spectra is fed to the inversion process a preprocessing is performed in order to correct the measurement for attenuation arising from the microwave window and tropospheric absorption. Water vapour inhomogeneities in the troposphere are difficult to model and therefore it is important to correct the measured spectra for the tropospheric effect. Tropospheric opacity is calculated from the wings of the measured spectra (Navas-Guzmán et al., 2015) and substracted from it. Afterwards the lower limit for the retrieval is located at the tropopause level. The spectra baseline is removed by allowing the optimal estimation 15 method to fit a polynomial of degree 2.
For the standard retrieval of GROMOS-C, we use the whole frequency resolution of the spectrometer, and a bandwidth of 300
MHz. Reduction of the noise level of the spectra is performed by integration in time, being the minimum time resolution used 1 hour. Ozone profiles are retrieved from the resulting averaged spectra, yielding a reliable profile from roughly 23 to 70 km, with a vertical resolution of 10-15 km depending on the pressure level.
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The inversion process requires an a priori knowledge of the vertical ozone profile. This a priori information is taken from a zonal mean climatology using monthly mean Aura MLS data from 2004-2013. The a priori covariance matrix used has a fixed maximum value for the diagonal elements of 0.4 ppm and a Gaussian correlation decay at neighbouring levels. The covariance matrix of the measurement is built as a diagonal matrix, where the elements in the diagonal are the square of the noise level of the spectra, which are assumed constant for all channels. Forward model calculations require a temperature-pressure-altitude 25 profile. This data is taken from the ECMWF model for the corresponding time and location, interpolated to the pressure grid.
Spectroscopic parameters for the ozone line are taken from the JPL and HITRAN catalogs. We used the oxygen and water continuum and peaks from the Rosenkranz model (Rosenkranz, 1998) . We used water vapour profiles from the ECMWF model and oxygen and nitrogen mixing ratios are assumed to be constant.
An example of a daily mean retrieved ozone profile is shown in Fig. 3a , the a priori profile used for the retrieval is plotted with a 30 dashed line. The corresponding averaging kernels and measurement response are shown in Fig. 3b . The averaging kernel matrix represents the sensitivity of the retrieved profile to the true atmospheric profile. The area of the kernels, called measurement 6 Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 -117, 2016 Manuscript under review for journal Atmos. Chem. Phys. Published: 11 March 2016 c Author(s) 2016. CC-BY 3.0 License. response, is used as an indicator of the sensitive altitude range of the retrieval. We assume this altitude range delimited by the levels where the measurement response is larger than 0.8, which corresponds to pressure levels between 30 and 0.02 hPa (24 to 75 km). The full width at half maximum of the averaging kernels gives a measure of the vertical resolution. The averaging kernels width ( Fig. 3c ) go from 7 km in the lower stratosphere, increasing with altitude up to 17 km in the middle mesosphere. Ozone retrievals can also be performed individually for each direction, to study possible inhomogeneities of the ozone distribution, which are neglected for the wind retrievals. All sky measurements are performed at an elevation angle of 22 • , which 10 implies that two points located at the stratopause level in North and South directions are separated horizontally by a distance of circa 250 km. In stable conditions this constitutes a reasonable range over which to neglect ozone inhomogeneities. Fig. 4 shows 4 ozone profiles corresponding to the 4 directions of view of GROMOS-C. Each of them has been calculated taking the mean of the daily mean profiles for the whole campaign period, from mid-June to mid-January. The right plot shows the mean relative difference profile, calculated in percent and with respect to the East. From 60 hPa to roughly 0.02 hPa the 15 differences are within 2%, except for the South, and higher up they appear to increase with altitude. The increases in differences with altitude is consistent with an increase in horizontal distance between points in opposite directions. Therefore these discrepancies could be explained as differences in the ozone distribution. A positive bias of nearly 5% in ozone is notable at all altitudes in measurements toward the South. This bias is a result of an offset in elevation angle present only in the measurements toward the South. 
Comparing the calibration methods
As mentioned above, multiple calibration techniques are used to generate GROMOS-C data; these are hot load, Peltier load, noise diode and tipping curve. In this section, we compare the influence of these calibration methods on the retrievals. Fig. 5 displays the spectrum and retrieved profile for a day at the beginning of the campaign, the 23 rd of June, for the 3 different calibration methods. A tropospheric correction has been applied to all spectra, so the retrieval starts at the tropopause 25 level. Both the noise diode and hot-Peltier spectra have similar noise levels, which results in similar retrievals. We added the equivalent MLS ozone profile (in red) to use as a reference. The averaging kernels and measurement response present the same characteristics as in Fig. 3 . However, the spectrum calibrated with the tipping curve exhibits a higher noise level, therefore the retrieval takes more information from the a priori. That could be the reason why this retrieved profile is closer to the reference MLS profile, since we use a MLS climatology as a priori profile. The upper limit of the measurement response is also lower, 30 0.035 hPa, compared to 0.02 hPa in the other cases. The higher noise level in the tipping curve calibration is likely a result of zenith sky measurements, which are not long enough. A zenith measurement is taken only every 15 minutes. Therefore, the cold sky integration time is relatively short and the noise in this measurement is larger than the noise in the 22 • measurement.
This problem could likely be eliminated by raising the frequency of the tippings or increasing the integration time for the 7 Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 -117, 2016 Manuscript under review for journal Atmos. Chem. Phys. Published: 11 March 2016 c Author(s) 2016. CC-BY 3.0 License.
retrievals.
We started the campaign in winter (June) with good atmospheric conditions, i.e., low humidity, frequent clear skies and, therefore, low optical thickness (Fig. 2) . However, towards the summer the temperature and humidity increased leading to higher opacity. Under these conditions, a baseline emerged on the calibrated ozone spectra. We found that its origin was at the Peltier load and we believe it could be due to the condensation of water on the window of the load if the dew point was reached. As 5 water is not transparent to microwave radiation, part of the radiation would be backscattered and a standing wave would be created between the load and the antenna, which added a baseline to the spectra. Performing inversions of spectra with such a ripple would have considerable impact on the retrieval. Therefore, in such conditions we prefer other methods of calibration.
It is important to point out that the baseline effect can be circumvented by the use of other calibration technique and this ability to alternate calibration methods is an important advantage of the measurement approach. 
Validation of the ozone timeseries
In this section we validate GROMOS-C retrieved profiles against other ozone profiles measured with different techniques. We have used tipping curve calibrated spectra for the daily mean comparison, but for shorter integration time we have considered the noise diode calibration because the altitude range where the measurement response is larger than 0.8 goes up to higher 15 layers, allowing for a fair comparison also in the mesosphere.
The timeseries of ozone profiles measured by GROMOS-C during the Maïdo campaign are shown in Fig. 6 (above) . They correspond to retrieved profiles run with an integration time of 2 hours, calibrated with the noise diode, for the East direction.
Ozone concentration is expressed as volume mixing ratio, in parts per million volume (ppm). The data gap in September corresponds to a week where we shifted the frequency range to measure carbon monoxide instead of ozone, and the gap in 20 December corresponds to a very high opacity period where the inversions did not work. The white lines represent the limits where the measurement response is larger than 0.8, identifying the altitude range where profiles can be reliable. In most cases these limits range from 30 to 0.03 hPa. Before a spectrum is fed to the retrieval, it has to pass a noise level test and be taken within certain limits of opacity and system temperature. If a spectrum fails any of these tests, it is discarded. In that case, the considered integration time will present a higher noise, affecting the averaging kernels of the inversion and decreasing the 25 boundaries for the reliable profiles. We observed a decreased altitude range for the last month of data, which corresponds to the very humid period and with high opacity.
A comparable plot of Aura MLS ozone profiles is shown in Fig. 6 (below) . The similarity is striking. The annual cycle increase in ozone in the middle stratosphere from winter to summer due to increased solar radiation is obvious. The diurnal cycle is also perceptible. Special features of this dataset are discussed below, in section 6.
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For a more quantitative comparison we have divided the profiles into 3 pressure levels, and plotted the mean volume mixing ratio for each layer (Fig. 7) . Each point corresponds to a daily mean value; this time we have opted for the tipping curve calibration for the comparison. We chose altitude levels at 25-10 hPa, 10-2 hPa and 2-0.5 hPa, which correspond roughly to the lower, middle and upper stratosphere. We compared our measurements to those from MLS, lidar, radiosondes and measurements by the co-located wind radiometer (WIRA) and ECMWF model data are also shown. The grey lines in the upper panels represent the upper and lower limit of the trustworthy altitude range. This range is defined to be the region where the measurement response is higher than 0.8, the altitude resolution higher than 20 km, and the altitude accuracy (defined as the offset between the peak altitude and the nominal altitude of the averaging kernel) is better than 4 km. In the vast majority of cases, the trustable altitude range for GROMOS-C is delimited by the averaging kernel criterion. Data outside the trustable 5 altitude range should not be considered.
The overall agreement between GROMOS-C, WIRA and ECMWF is clearly visible. The principal features such as the stratospheric wind reversal in July 2014 are captured by GROMOS-C. Due to the design and operation mode, which is not optimized for wind measurements, the uncertainties of the GROMOS-C observations are larger and the altitude range is smaller than that of WIRA. Nevertheless, this comparison indicates the potential of GROMOS-C to perform zonal wind measurements over the 10 altitude range of 40 to 60 km.
6 Special case study Fig 6 shows an increase of ozone in early July between 4 and 1 hPa. This increase is evident in data from both GROMOS-C and MLS. This feature is presented in more detail in Fig. 10 . The timeseries of ozone profiles measured by GROMOS-C have 15 been plotted together with the isentropes (lines of equal potential temperature) taken from the ECMWF model. As air parcels travel on surfaces of equal potential temperature, the isentropes can be used to study the airflow and to identify vertical displacements. In Fig. 10 , an updraft is identified by dashed lines and by deviations of the isentropes at 1200, 1400, and 1600 K.
The updraft has higher ozone mixing ratios and results in higher ozone at the correspondent pressure levels.
The timeseries of temperature profiles from the ECMWF model are shown in the middle plot. A substantial decrease of tem-20 perature is observed within the same time period mainly at pressure levels between 4 and 1 hPa, which is also explained by the updraft of air from colder layers. During this event strong zonal winds of up to 90 km/h are observed in the ECMWF model ( Fig. 10, below) followed by an intense East to West wind reversal.
Conclusions
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The first validation campaign of GROMOS-C took place at the Maïdo observatory in La Réunion island, from June 2014 till January 2015. We validated its capability to measure continuous ozone profiles with high temporal resolution for a broad altitude range.
We have confirmed different calibration methods lead to equivalent retrieved profiles as long as the spectra is baseline free. We demonstrated the advantages of using multiple calibration methods. When the Peltier load method failed due to high humidity, 30 we had the option to use a different approach. The tipping curve method works well at very low brightness temperatures. It 10 Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 -117, 2016 Manuscript under review for journal Atmos. Chem. Phys. Published: 11 March 2016 c Author(s) 2016. CC-BY 3.0 License. is easy to implement. However, the calculation is time consuming and less accurate for cloud conditions. Further, the tipping curve method produces noisier spectra because the integration time for the cold sky measurements was short. This approach should be used when longer integration times are possible. The noise diode approach needs recalibration if the system temperature fluctuates. This approach should be used when the system is thermally stable. The Peltier and hot loads are thermally stabilized and not weather dependent. They constitute the default calibration technique of GROMOS-C. During this campaign, 5 when temperatures dropped below the dew point, water condensed on a window interfering with the measurement. This problem was fixed after the campaign by displacing moist air with dry nitrogen.
The measurement response of the retrievals of GROMOS-C is larger than 80% for pressure levels between 30 and 0.02 hPa (24 to 75 km). The vertical resolution goes from 7 km in the lower stratosphere, increasing with altitude up to 17 km in the middle mesosphere. The averaging kernels peak at its nominal altitude over this altitude range.
10
Validation has been performed using ozone profiles from Aura MLS satellite, the ozone lidar located in the observatory and with ozone profiles from weekly radiosondes, as well as with data from the ECMWF model. Results show an agreement with MLS profiles within 5% up to 0.2 hPa and within 10% for the ECMWF profile. Agreement with the lidar is within 5% at all levels of comparison. Radiosonde data shows more discrepancies especially at lower altitudes. The bias in the ozone measurements decreases from 13 to 4% with increasing altitude in the trustworthy range.
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Although GROMOS-C was mainly designed for ozone observations its setup allows for middle-atmospheric wind profile measurements. The 4 directions of view allow retrieval of zonal and meridional winds from the Doppler shift. Winds measured by GROMOS-C have been validated using data from another co-located wind radiometer (WIRA) and using output from the ECMWF model. The overall agreement between GROMOS-C, WIRA and ECMWF is clearly visible. Important meteorological features such as the stratospheric wind reversal in July are clearly evident in GROMOS-C data. Thus GROMOS-C 20 measurements can also be used to measure middle atmospheric wind profiles.
We also identified an updraft event from an increase of ozone measured by GROMOS-C.
The high temporal resolution ozone dataset presented here is unique for this location and will be useful given the dearth of such data from tropical locations. In a future study it would be interested to investigate the ozone diurnal cycle which has not been studied for such a tropical location. Eriksson, P., Buehler, S., Davis, C., Emde, C., and Lemke, O.: ARTS, the atmospheric radiative transfer simulator, version 2, Journal of Quantitative Spectroscopy and Radiative Transfer, 112, 1551 -1558 , 2011 : GROMOS-C, a novel ground-based microwave radiometer for ozone measurement campaigns, Atmospheric Measurement Techniques, 8, 2649 Techniques, 8, -2662 Techniques, 8, , 2015 . 5, 57-67, 2003. Navas-Guzmán, F., Kämpfer, N., Murk, A., Larsson, R., Buehler, S., and Eriksson, P. : Zeeman effect in atmospheric O2 measured by groundbased microwave radiometry, Atmospheric Measurement Techniques, 8, 1863 -1874 , 2015 physics, 14, 609-624, 1976. Rosenkranz, P. W.: Water vapor microwave continuum absorption: A comparison of measurements and models, Radio Science, 33, 919-928, 1998. Rüfenacht, R., Kämpfer, N., and Murk, A. : First middle-atmospheric zonal wind profile measurements with a new ground-based microwave Doppler-spectro-radiometer, Atmospheric Measurement Techniques, 5, [2647] [2648] [2649] [2650] [2651] [2652] [2653] [2654] [2655] [2656] [2657] [2658] [2659] 2012 . 
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Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 -117, 2016 Manuscript under review for journal Atmos. Chem. Phys. Published: 11 March 2016 c Author(s) 2016. CC-BY 3.0 License. Figure 9 . Middle-atmospheric zonal wind profiles measured by the radiometers GROMOS-C and WIRA as well as model data from ECMWF.
The grey horizontal lines delimit the trustable altitude range which is basically equivalent to a measurement response larger than 0.8.
